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Foreword 

This i s  t h e  fou r th  semiannual r e p o r t  on NASA Grant No, 

NGR 33-013-017, It covers work from Apr i l  1, 1967 t o  October 1, 1967. 

The f i r s t  two r e p o r t s  w e r e  i s sued  March 31, 1966 and October 1, 

1966 and had l imi t ed  d i s t r i b u t i o n ,  The t h i r d  r epo r t ,  accordingly 

contained a comprehensive review of t h e  e n t i r e  program and w a s  i s sued  

April 1, 1967, 

This g r a n t  w a s  made by t h e  NASA O f f i c e  of  Grants and Research 

Contracts.  T h e  NASA Technical Monitor i s  M r .  Robert E, Oldrieve 

of t h e  L e w i s  Research Center ,  Cleveland, Ohio. The work i s  under 

t h e  supervision of Professors  Morris Kolodney and Robert A. Graff 

and is being performed by M r .  S tanley R, Levine, M r .  Andrew G. M u e l l e r ,  

Mr. Leon Schwartz and M r ,  F reder ic  N. Schwettmann who are graduate 

s tudents  a t  The  C i t y  College of New York. 

J 



An investigation of the fundamental processes involved in the 

protection of tantalum and columbium by their silicides is in pro- 

gress. The program has four parts. The first part is devoted to 

establishing thermochemical data for the silicides and employs an 

entirely solid state electrochemical cell. The second part deals 

with the protection of both coating and substrate by the protective 

glass formed during oxidation. Under certain conditions of temper- 

ature and pressure this glass does not form and the coating fails. 

The study of glass structure and growth is aimed at understanding 

the causes of failure and providing a rational basis for improving 

coatings. In the third part oxidation rates and the possibility of 

using coating modifiers to promote the formation of glassy films 

is to be tested. Lastly, since coating life may be limited by the 

formation of intermediate phases between the silicide and the sub- 

strate, these interactions are being investigated in the fourth 

part of the program along with the efficacy of diffusion barriers 

to retard intermediate phase growth. 

In all cases the silicides, with any required additives, will 

be used in bulk form. Disks are fabricated by cold pressing and 

sintering. These methods have been developed, and specimens of 

over 90% theoretical density have been consistently obtained. 

The previous report described the development of specimen fab- 

rication techniques, the design and construction of equipment and 

preliminary tests of some of the methods to be used. Further tests 

and improvements in methods and apparatus are given in this report. 
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Int roduct ion 

Refractory m e t a l s  are required f o r  a v a r i e t y  of app l ica t ions  

a t  e levated temperatures, p a r t i c u l a r l y  f o r  a i r- brea t ing  engines, 

because t h e i r  h igh s t r eng th  i s  r e t a ined  under s e r v i c e  condit ions.  

These m e t a l s ,  however, s u f f e r  from a s u s c e p t i b i l i t y  t o  oxidation.  

Above about 1300 F oxidat ion rates are p roh ib i t i ve ,  and a protec-  

t i v e  coa t ing  i s  required. S i l i c i d e  and aluminide coa t ings  have 

been most success fu l  thus  far .  

0 

The development of coat ings  has  proceeded by l a r g e l y  empiri- 

cal  methods. While t h i s  i s  undoubtedly t h e  way t o  ob ta in  p r a c t i c a l  

coa t ing  systems rap id ly ,  a success fu l  coa t ing  technology mus t  be 

backed by fundamental information atmosphere-coating- substrate 

systems. Previous s t u d i e s  on t h e  development of p r o t e c t i v e  s i l i -  

c i d e  coat ings  w e r e  received i n  t h e  t h i r d  Semiannual Report, 

The program repor ted he re  w a s  undertaken t o  provide an under- 

s tanding of t h e  behavior of t h e  coated s u b s t r a t e  i n  i t s  environ- 

ment. This involves t h e  mechanisms and rates of oxidat ion of t h e  

coa t ing  and t h e  e f f e c t s  of modifiers  as w e l l  as t h e  mechanisms and 

rates of i n t e r a c t i o n  of t h e  coa t ing  with t h e  subs t ra te .  The tan ta-  

lum-silicon and columbium-silicon systems, a t  temperatures up t o  

2500 F and under oxygen pressures  of one atmosphere and above, a r e  

under study. 

0 

Four major l i n e s  of i nves t iga t ion  are i n  progress:  

1) thermochemical data, 
2 )  glass s t r u c t u r e  and growth, 
3 )  oxidat ion rates and coa t ing  modifiers ,  
4)  subst ra te- coat ing i n t e r a c t i o n  and b a r r i e r s .  

To d i scuss  t h e  behavior of tantalum- sil icon and columbium- 

s i l i c o n  systems under oxidat ion r equ i r e s  thermochemical data f o r  

the oxides and s i l i c i d e s ,  A t  p resen t  t h e  f r e e  energies  of forma- 

t i o n  of t h e  s i l icides of tantalum and colurribium are not  avai lable .  
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These are being determined in the first part of the program using 

a solid galvanic cell at elevated temperature, 

The oxidation protection of metals by silicides depends on 

the formation during oxidation of a glass which acts as a barrier 

to oxygen. The oxidation products frequently do not form a pro- 

tective film. 

formed on oxidation are being investigated with the objective of 

understanding the differences between the structure of protective 

and nonprotective. films and the processes controlling their growth. 

This understanding will provide a rational basis for improving the 

protectiveness of coatings. 

In the second line of investigation the glasses 

The possibility of using modifiers to improve the structure 

of the film is being investigated in the third part of this program. 

Substances which form stable oxides or silicates may be expected 

to increase coating life and a nuniber of these will be tested. 

In the fourth phase of the project the interaction of the coat- 

ing with the substrate is being studied. This interaction produces 

an intermediate silicide incapable of forming a protective film. 

The rate of growth of the intermediate phase may thus determine 

coating life. These phases grow by,diffusion, and the use of bar- 

riers to slow the growth of the intermediate has been reported. 

- 2- 
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Thermochemical Data 

Presently available thermodynamic data for tantalum and colum- 

bium silicides are limited to heats of formation obtained calori- 

metrically (Robins and Jenkins (1) e by mudsen effusion (Myers 

and Searcy (2) ) or by reaction equilibria (Brewer and Krikorian ( 3 )  ) ~ 

The average accuracy of the best available data is about 2 15%- 
date there have been no experimental determinations of the free 

energy and entropy of formation of these silicides. The free energy 

of formation of these compounds can only be estimated from heat of 

formation data under the assumption of a zero entropy of formation. 

To 

In this investigation the free energy of formation of the tamta- 

lum silicides are being determined from EMF measurements on electro- 

chemical cells of the form: 

Pt/silicide electrode//oxide electrolyte//Ta, Ta 2 5  0 /Pt (1) 

where the free energy of the reaction is given by 

andd GR contains the known free energies of formation of p -quartz 
and p - 
silicides. The same is true of the entropy of the cell reaction 

which is proportional to the temperature derivative of the voltage,. 

and the unknown free energies of formation of the Ta205 

The reference electrode half-cell reaction is: 

10e- + Ta Q = 2Ta + 5 Q= 2 5  

- 3 -  



The expected reac t ions  a t  t h e  s i l i c i d e  e lec t rodes ,  which i n  each 

case  i s  composed of t h e  p a r t i c i p a t i n g  r eac t an t s  and products,  are :  

140= + 5 TaSi2 = T a  5 3  S i  + 7 Si02  + 28e- (4 1 

350= + 4 Ta Si = 7 Ta 0 + 6 TaSi f 70e- (5)  5 3  2 5  2 

2O= + 2 Ta S i  = 5 Ta Si 9 S i 0  + 4e- (6  1 5 3  2 2 
- 

50- + 6 T a  S i  = T a  0 + 2 Ta Si 9 10e- (7 1 2 2 5  5 3  
- 

100- + 9 Ta2Si = 4 Ta S i  e 5 S i 0  + 20e- (8) 4 - 5  2 
- 

250- + 4 T a 4 m 5 S i  = 4 T a  S i  + 5 Ta 0 e 50e- (9) 2 2 5  

530= + 4 Ta S i  = 9 Ta 0 + 4 S i 0 2  c 106e- (101 4 - 5  2 5  

During the  p a s t  s i x  months t h e  major e f f o r t  has been a thorough 

shakedown of t h e  apparatus (Fig, 1) and the  incorpora t ion  of i m-  

provements. A s e r i e s  of c e l l s  with known Ems covering a wide range 

of oxygen chemical p o t e n t i a l s  was inves t igated.  The r e s u l t s  of some 

of these  experiments a r e  given i n  Table I, 

C e l l s  I and III where both e lec t rodes  have high oxygen p a r t i a l  

pressures  gave s t a b l e ,  reproducible,  and accura te  r e s u l t s .  The ob- 

served EMFs were independent o f  t h e  argon flow r a t e ,  Ce l l s  11, I V ,  

V and V I  where one o r  both e lec t rodes  have an oxygen p a r t i a l  pressure  

gave EMFs which were unstable and for t h e  most p a r t  inaccurate,  The 

EMFs l i s t e d  f o r  these  c e l l s  a r e  not  represen ta t ive  but  i nd i ca t e  t h a t  

t h e  technique i s  of p o t e n t i a l  usefulness a t  low oxygen p a r t i a l  pres-  

sures.  The EMFs l i s t e d  were observed f o r  sho r t  periods of time (sev- 

e r a l  minutes),  For t h e  major p a r t  of any experiment, these  c e l l s  

gave inaccura te  EMFs which were very s e n s i t i v e  t o  argon flow r a t e  

and temperature changes. 

-4- 
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The d i f f i c u l t i e s  encountered with these  c e l l s  were bel ieved 

t o  be caused by one o r  more of t h e  following: a p a r a l l e l  e l e c t r i c a l  

c i r c u i t ;  e l ec t ron i c  conduction i n  t h e  e l e c t r o l y t e ;  e l ec t ron ic  con- 

duction v i a  a p a r a l l e l  r eac t ion  i n  t he  gas phase; i n s u f f i c i e n t l y  

pure argon a s  a r e s u l t  of leakage i n  t h e  system o r  an inadequate 

p u r i f i c a t i o n  t r a i n ;  and f i n a l l y ,  poor contact  a t  t h e  electrode-  

e l e c t r o l y t e  i n t e r f a c e s  which r e s u l t s  i n  a mixed po ten t i a l ,  

Steps were taken t o  e l iminate  each of these  poss ib le  d i f f i c u l -  

t i e s .  Teflon lead-throughs were subs t i t u t ed  f o r  t h e  ceramic lead- 

throughs and impedance measurements were made a t  room temperature 

and 8OO0C without t he  presence of a c e l l  and under open and closed 

c i r c u i t  condit ions.  The impedance of t h e  p a r a l l e l  path was high 

enough t o  present  no d i f f i c u l t i e s ,  

According t o  ava i l ab l e  information i n  t h e  l i t e r a t u r e  on oxide 

e l e c t r o l y t e s  Tho - 6 wt% Y2Q3 i s  one of t he  b e s t  choices fo r  EMF" 
2 

measurements a t  low oxygen p a r t i a l  pressures,  These e l e c t r o l y t e s  

were, t he re fo re ,  f abr ica ted  from 99,TA Tho and 99,99/, Y 0 powders. 
2 2 3  

The powders were weighed o u t  i n  t h e  proper proport ion,  mixed and 

pressed i n t o  diameter by 1/8" high p e l l e t s  under 40,000 ps i ,  

The p e l l e t s  were s i n t e r e d  i n  vacuum f o r  t h r e e  t o  four hours a t  tem- 
0 0 pera tures  from 1950 C t o  2150 e, Typical dens i ty  values fo r  3% hour 

o 0 
s i n t e r i n g  times a r e  87% of t h e o r e t i c a l  a t  1950 C ;  91% a t  2050 C and 

90.5% a t  215OOc. The s i n t e r e d  p e l l e t s  a r e  then ground on a diamond 

d i s c  and lapped t o  a mirror f i n i s h  on a nylon c l o t h  with a levigated  

alumina abrasive. 

be l ieved t o  be caused by oxygen i n  excess of t h e  s to ichiometr ic  

amount, They t u r n  white when exposed t o  the  low oxygen p a r t i a l  pres- 

su re  of t h e  c e l l .  N o  major improvement i n  r e s u l t s  was r ea l i zed  from 

these  e l e c t r o l y t e s  

The s i n t e r e d  p e l l e t s  have a dark o l i v e  green color  

A n  attempt was made t o  reduce any e x i s t i n g  p a r a l l e l  gas path  

by incorpora t ing  a charged p a r t i c l e  c o l l e c t o r  i n t o  t he  c e l l  design, 

-6- 



\ I  

This w a s  accomplished by p lac ing  a n i cke l  collar with a p o s i t i v e  

b i a s  i n  t h e  v i c i n i t y  of t h e  cel l ,  Biases of up t o  40 v o l t s  w e r e  

used  with no de t ec t ab l e  effect on t h e  observed Ems, 

The system w a s  checked f o r  leaks  p r i o r  t o  runs V and V I  with 

a por tab le  vacuum pumping s t a t i o n ,  Some leaks  w e r e  found and e l i m i -  

nated. A vacuum valve  w a s  added t o  t h e  permanent vacuum l i n e ,  

Contact between t h e  e lec t rodes  and t h e  e l e c t r o l y t e  was improved 

i n  ce l l  V I  as compared t o  c e l l  V and o the r  preceding runs by care- 

f u l l y  gr inding and po l i sh ing  a l l  faces  of t h e  e lec t rodes  and elec- 

t r o l y t e ,  The th ickness  va r i ed  by no more than 0 ,002  inches on any 

diameter of any of t h e  three pel lets  and by no more than 0,0010 inches 

on t h e  assembled ce l l ,  The c e l l  w a s  loaded by a l eve r  capable of 

producing up t o  250  p s i  on t h e  ce l l ,  The r e s u l t s  f o r  c e l l  VI w e r e  

better than f o r  any p r i o r  run with e lec t rodes  exh ib i t i ng  l o w  oxygen 

p a r t i a l  pressures ,  The l i s t e d  r e s u l t  w a s  observed f o r  n ine  minutes, 

A t  t h e  end of t h i s  per iod t h e  electrometer and t h e  potentiometer w e r e  

balanced, Upon resumption of t h e  measurement t h e  vol tage decl ined 

rapidly ,  

The f i n a l  improvement incorporated i n t o  t h e  system w a s  a second 

gas p u r i f i c a t i o n  t r a i n ,  This apparatus c o n s i s t s  of a drying column 

loaded with anhydrous magnesium perch lora te ,  a Z r  - 12,5 w t %  ~i 

g e t t e r  column and a tantalum get ter  col_umn, The l a t t e r  column can 

be bypassed, The e n t i r e  system can be used  independently o r  i n  

series with t h e  o ld  p u r i f i c a t i o n  t r a i n ,  The apparatus with t h e  mod- 

i f i c a t i o n s  ou t l i ned  above i s  shown i n  Figure 2, 

The e n t i r e  system (o ld  gas t r a i n ,  new gas t r a i n  and ce l l )  w a s  

checked for leaks  a f t e r  being loaded with t h e  ce l l :  

P t /TaS i2 ,  T a  5 S i  3 u  Si02//Th02 - 6 wt% Y203//Ta,  Ta2Q5/Pt (111 

-7- 



The apparatus was he ld  under vacuum for  twenty-four hours. 

w a s  then s t a r t e d  and t h e  Z 

temperature. 

a t  375OC. 

heated t o  80OoC. 

The vol tage reached a p o s i t i v e  maximum, decl ined and changed sign. 

A f t e r  about t w o  hours a t  temperature t h e  vo l tage  became p o s i t i v e  

again. This behavior i s  due t o  a t r a n s i e n t  process i n  t h e  cel l .  

The e l e c t r o l y t e  i n i t i a l l y  con ta ins  excess oxygen which i s  responsible  

for t h e  greenish  hue of t hese  materials i n  t h e  as- s in te red  condition. 

During t h e  i n i t i a l  per iod of operat ion t h e  excess oxygen i s  removed. 

Oxygen removal from t h e  e l e c t r o l y t e  i n  conjunction with t h e  c e l l  

reac t ion  r e s u l t s  i n  a mixed p o t e n t i a l ,  

ment are presented i n  Table $1, 

T 

- 1 2  wt% T i  g e t t e r s  w e r e  brought up t o  r 
The f i r s t  column w a s  operated a t  425OC and t h e  second 

The system w a s  purged f o r  24 hours, The c e l l  w a s  then 

The ce l l  exh ib i ted  t h e  u s u a l  i n i t i a l  behavior. 

The r e s u l t s  of t h i s  experi-  

They f i t  t h e  following equation: 

E = -208.4 + 0,1974T - + 4.7 mv (12  1 

Since t h e  ce l l  r eac t ion  is :  

Ta205  = T a  5 3  S i  + 7 Si02 -k - 28 5 Ta (13) 
14 5 TaSi + - 

2 5  

equation ( 1 2 )  may be r ewr i t t en  i n  t e r m s  of f r e e  energies  of forma- 

t i o n  of t h e  s i l i c i d e  p a i r :  

-8- 
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T a b l e  I1 

E.M.F. Values f o r  Cell of Equation 11 

EMF Temperature - 
910°c 21.9 mv  

893OC 20-1 m v  

l0OO0C 50.9 m v  

914OC 21.9 m v  

813OC 7 - 2  m v  

1002OC 42,O mv 

818OC 7 -8  mv 

Lenqth of t i m e  observed 

24 min. 

60 min. 

24 min, 

1 2  min. 

1 2  min. 

6 m i n .  

1 2  m i n .  

During t h e  next  few months t h e  o the r  ce l ls  ou t l ined  i n  equa- 

t i o n s  (5) through (10) will be inves t iga ted  and t h e  f r e e  energies  

of t h e  ind iv idua l  s i l i c i d e s  w i l l  be determined, 

-9- 



G l a s s  S t ruc tu re  and Growth 

The o b j e c t  of t h i s  phase of  t he  program i s  to  determine the  mech- 

anism of p r o t e c t i v e  f i lm  formation by eva lua t ing  the  s t r u c t u r e ,  comp- 

o s i t i o n  and growth rate of t h e  oxide f i lm.  

In  o rder  t o  c l e a r l y  e s t a b l i s h  t he  i n t r i n s i c  oxidat ion behavior of  

t h e  coat ing materials,  t h e i r  oxidat ion i s  being s tud ied  i n  bulk form. 

This approach t o  t he  coat ing problem is p a r t i c u l a r l y  a t t r a c t i v e  i n  t h a t  

it el iminates  t he  physics$ problems found i n  coat ings ,  and a l s o  allows 

t h e  e f f e c t s  of s m a l l  amounts of add i t i ves  t o  be determined. Pure TiSi  

which upon oxidat ion forms a p r o t e c t i v e  oxide f i lm,  is  t h e  i n i t i a l  

material being considered. When the  mechanism of p ro t ec t ion  f o r  t h i s  

material i s  es tab l i shed ,  the  e f f e c t  on t h e  oxide f i l m  of t he  addi t ion 

of s i l i c o n  and T a S i  t o  t he  pure  TiSi  w i l l  be considered. 
2 2 

2' 

Wafers of  t he  s i l i c i d e s  are prepared by the  techniques of powder 

metallurgy. The i n i t i a l  oxidat ion s t u d i e s  are c a r r i e d  o u t  i n  s t a t i c  

a i r  i n  a box-type furnace. Techniques f o r  evaluat ing t h e  charac te r  of 

t h e  f i lm a r e  being developed using these  pre l iminary specimens. F ina l  

oxidat ion experiments are performed i n  a tube-type furnace with con- 

t r o l l e d  atmospheres. These s tud i e s  e s t a b l i s h  t he  e f f e c t  of temperature, 

oxygen pressure  and wafer s t r u c t u r e  on t h e  charac te r  and growth r a t e  

of the  oxide f i lm.  Oxidation mechanisms w i l l  then be formulated. 

Experimental Sample Preparat ion 

Pure T i S i  wafers wi th  a dens i ty  95% of t h e o r e t i c a l  have been pre-  
2 

pared using powder metal lurgy methods. The procedure cons i s t s  of miying 

the  d i s i l i c i d e  powder wi th  binder ,  press ing,  p re s in t e r ing ,  s i n t e r i n g ,  

gr inding and pol ishing.  In  a r ecen t ly  purchased B r e w  furnace,4  wafers 

can be s i n t e r e d  simultaneously. A t  an uncorrected temperature of 

10. 



140OOC ais determined by an o p t i c a l  pyrometer, dens i ty  v a r i a t i o n  among 

the  4 samples is from 95- 97% of t h e o r e t i c a l  when s i n t e r e d  f o r  1 5  minutes. 

Accurate temperature con t ro l  during the  s i n t e r i n g  of TiSi  is  important. 

When the  s i n t e r i n g  temperature i s  1 3 7 5  C, t he  range of  d e n s i t i e s  i s  

92- 94% of theory, while a t  1 4 2 5  C, melting occurs. Since the  melt ing 

p o i n t  of T i S i  

t he  p re sen t  readings,  Correct ions f o r  t h e  temperature reading are 

being developed. 

2 
0 

0 

is repor ted a t  155OoC, t h e r e  i s  considerable e r r o r  i n  
2 

Preparat ion of t h e  s i n t e r e d  wafer for  oxidat ion c o n s i s t s  of grind-  

ing  success ively  on 220  grade,  30 micron, 15 micron, and 9 micron 

diamond d i sks ,  followed by lapping with 6 and then 3 micron diamond 

pas te .  F ina l  p o l i s h  is with 0.05 micron gamma alumina micropolish. 

Analyt ical  Techniques 

The s u i t a b i l i t y  of  s eve ra l  a n a l y t i c a l  techniques f o r  determining 

t h e  charac te r  and growth rate of t h e  oxide f i lm  has been inves t iga ted .  

While i n f r a r e d  and X-ray ana lys i s  appear t o  y i e l d  valuable information 

on t h e  charac te r  of t he  f i l m ,  the  VAMF’O technique f o r  determining f i lm  

thickness ( 4  ) I appears t o  be unsui table .  

I n  the  use of  the  X-ray technique, p a r t  of t he  oxide f i lm  i s  re- 

moved from t h e  subs t r a t e .  This is  accomplished by d r i l l i n g  a s m a l l  

ho l e  approximately 3/4ths of t he  way through the  sample. The wafer 

is then exposed t o  ch lor ine  a t  about 800 C. The s i l i c i d e  reacts t o  

form v o l a t i l e  ch lor ides  while t he  oxide i s  untouched. The oxide window 

formed i s  then removed and powdered f o r  ana lys i s .  

0 

I n  the  i n f r a r e d  ana lys i s ,  a Perkin-Elmer ATR u n i t  has been modified 

t o  opera te  l i k e  a simple r e f l ec t ance  u n i t .  I n f r a r ed  s p e c t r a  from 2.5 

t o  40 microns a r e  being obta ined on a Perkin-Elmer 6 2 1  spectrophoBometer. 
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Considerable o rd ina t e  scale expansion is required to  ob ta in  s u i t a b l e  

absorption peaks. 

The u n s u i t a b i l i t y  of  t he  VAMFO technique f o r  determining f i l m  

th ickness  is due p r imar i ly  to  t he  non-homogeneous charac te r  of t h e  

oxide f i l m .  This r e s u l t s  i n  s c a t t e r i n g  of s o m e  of  t he  i nc iden t  l i g h t  

which, i n  tu rn ,  mdkes i t  d i f f i c u l t  t o  observe t he  p o s i t i o n  of t he  

maxima and minima in t e r f e r ence  f r i nges .  The f i l m  does, however, 

f u l f i l l  some of t he  requirements f o r  o p t i c a l  f i l m  thickness deter-  

minations. This w a s  demonstrated by observing t h e  f i lm  on a re- 

f l ec t ance  attachment i n  a UV spectrophotometer. Maxima and minima due ' 

t o  i n t e r f e r ence  w e r e  c l e a r l y  observed. I f  t he  r e f r a c t i v e  index of t he  

f i l m  i n  t h i s  wavelength region w e r e  known, t he  technique could be s u i t -  

able .  This assumes t h a t  t he  thickness i s  uniform and a&So t h a t  t he  

t ransparen t  p a r t  of t h e  f i lm  is of uniform composition. The UV and 

othejc thickness techniques w i l l  be reconsidered as more information i s  

developed on the  composition of the  f i lm. 

Micrographs of the  oxide sur face  are being prepared, 

Oxidation Furances 

Three globar-heated, v e r t i c a l  tube-type oxidat ion furnaces have 

been const ructed and t e s t e d ,  The inner  furnace s h e l l  is  const ructed 

from J M  3000 f i r e b r i c k  r a t e d  a t  3000 F, while the o u t e r  l a y e r  i s  made 

with J M  2600 f i r e b r i c k .  The furnace hea t ing  chamber i s  4" x 4I' x 19". 

Heating i s  accomplished by four  1/2" diameter globar hea t ing  elements. 

The elements are connected i n  series and are spaced symmetrically 

around the  cen te r  of t he  furnace,  A Mul l i t e  tube i s  used t o  contain 

t h e  specimens 

0 
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Furnace 1 has  been se t  up f o r  oxidat ion s t u d i e s  a t  temperatures 

Temperature con t ro l  i s  with a Leeds & Northrup Se r i e s  0 up t o  2000 F. 

60 two ac t ion  D.A.T. con t ro l  u n i t  i n  a Speedomax H recording c o n t r o l l e r ,  

With t h i s  u n i t ,  temperature v a r i a t i o n  i s  -5 F. The t w o  add i t i ona l  

furnaces are designed f o r  s t u d i e s  i n  t h e  range 2000-2500 F. 

+ o  

0 

0 
A sample holder  f o r  s t u d i e s  up t o  a t  l eas t  2000 F has  been con- 

s t ruc t ed .  I t  is  made of  V i t r e o s i l  (fused s i l i ca )  and is shaped to  

hold  four  specimens over a hea t ing  leng th  of 4 inches.  Test ing a t  

2000 F f o r  100 hours i nd i ca t e s  t h a t  t he  s i l ica  does n o t  l o s e  i t s  s t r eng th ,  

d e v i t r i f y  o r  r e a c t  with t h e  sample. 

0 

Furnace number 1 w a s  t e s t e d  by ox id iz ing  two pure s i l i c o n  wafers 

a t  1832OF f o r  45 hours. Lapped wafers w e r e  t r e a t e d  with a chemical 

p o l i s h  (45 HF.75 €€NO3 . 45 HAC) f o r  30 seconds t o  improve t h e  sur face  

q u a l i t y .  They w e r e  p laced a t  opposi te  ends of t h e  V i t r e o s i l  sample 

holder  and lowered i n t o  t he  furnace. An earl ier  approximate tempera- 

t u r e  p r o f i l e  ind ica ted  a 10 F v a r i a t i o n  over t he  length  of t h e  sample 

holder .  Weight changes w e r e  recorded by a Mettler microbalance and 

oxide f i lm  thickness  w a s  determined by in t e r f e r ence  co lor  cha r t s  ( 4 ) 

The oxidat ion rates f o r  t h e  wafers w e r e  wi th in  5-10% of each o t h e r  and 

on t h e  average wi th in  5% of published l i t e r a t u r e  values.  Prec i s ion  

should be improved with t he  T i S i  wafers s i n c e  larger weight gains  w i l l  

be observed. 

0 

2 

Oxidation Experiments 

I n  a pre l iminary s tudy aimed a t  determining the  na tu re  of t h e  

2 
oxide f i lm t h a t  w i l l  be obtained,  t h r e e  pol ished wafers of pure T i S i  

w e r e  oxidized i n  s t a t i c  a i r  i n  a Lindbergh box furnace a t  1500, 1900 

and 2400OF. 

0 .1  mg/cm a f t e r  67 hours of  oxidat ion.  This i s  equivalent  t o  t h a t  

The sample a t  1500°F exhib i ted  a weight ga in  of  only  
2 
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obtained on oxidat ion of  pure s i l i c o n  which forms an extremely im-  

pervious S i 0  f i l m .  A t  1900 F, a weight gain  of  0.4 mg/cm was ob- 
0 2 

t a ined  a f t e r  84 hours, whi le  a t  2400 F, the  weight gain  w a s  1 .4  mg/cm 

a f t e r  96 hours. I n  a l l  cases, t h e  oxidat ion w a s  parabol ic  with l i t t l e  

weight change being observed a f t e r  t he  i n i t i a l  40 hours. 

0 2 
2 

Micrographs of  t h e  oxide f i lms  formed on oxidiz ing T i S i  are 2 
shown i n  FQgures 3 t o  6. 

t i n c t  phases , labeled d , $ and 8 are c l e a r l y  observed. Previous 

X- r a y  s t u d i e s  on s i m i l a r  samples ind ica ted  t h a t  T i 0  ( r u t i l e )  w a s  t he  

only  c r y s t a l l i n e  material  p resen t .  A n  i n f r a r e d  spectrum obtained with 

a r e f l ec t ance  attachment on a Perkin-Elmer 621 spectrophotometer showed 

absorption peaks, c h a r a c t e r i s t i c  of  Si- 0 v i b r a t i o n  a t  1060 cm and 

785 c m  ( 4 ) .  T i 0 2  ( r u t i l e )  is known t o  have a s t rong ,  broad absorption 

band from 600 to  700 c m - l  ( 6 ) .  

of t he  oxide f i lms.  

In  the  1500 and 1900°F samples, t h r ee  dis-  
/ 

2 

-1 

-1 

This w a s  n o t  observed i n  t he  spectrum 

When these  a n a l y t i c a l  r e s u l t s  are compared with t he  micrographs 

of t h e  specimens, a reasonable i n t e r p r e t a t i o n  can be made. The dark 

areas labe led  & (yellow-brown) appear t o  be c r y s t a l l i n e  T i 0 2  

( r u t i l e ) .  The l i g h t  

For t h e  1500 F specimen, each g ra in- l ike  a rea  is a c t u a l l y  a d i f f e r e n t  

co lor ,  mostly v i o l e t  and yellow with a few green areas .  

sample, t h i s  area is almost e n t i r e l y  green. In  a l l  cases ,  t he  co lors  

appear t ransparen t  as do S i 0  f i lms  grown on s i l i c o n .  The d i f f e r e n t  

co lo r s  may be due t o  a d i f f e r ence  i n  f i l m  thickness .  In te r fe rence  

p a t t e r n s  w e r e  obta ined on t h e  1900 F specimen with a W spectrophotok. 

2'  m e t e r .  I f  t he  amorphous p a r t  of t he  f i l m  is assumed t o  be pure  S i 0  

t he  thickness can be approximated as follows ( 7 ) :  

areas are probably pure S i 8  (amorphous). 6 2 
0 

In  t he  l%OQoP 

2 

0 
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where : 

M = n q b e r  of f r i nges  between t w o  maxima 

n = r e f r a c t i v e  index 

e= angle of  incidence 

&= wavelength of maxima 

I n  t h i s  case: 

M = 2  

n = 1.50 (for  pure S i 0  ) 2 
0 e= 4 5  

A 1  = 0 .328  microns 

A 2  = 0 .247  microns 

which gives  

t = 0 .76  microns 

The f i l m  th ickness  can a l s o  be est imated from the co lor  of the 

A green S i 0 2  f i l m  can have a thickness 2'  f i l m ,  again assuming it is  S i 0  

of 0.55, 0 . 7 2  o r  0.93 microns depending on the in t e r f e r ence  order.  

The value 0 .72  would appear t o  confirm the value  obtained by t h e  W 
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i n t e r f e r ence  method. However, a pure  s i l i c o n  w a f e r  oxidized a t  the 

same condi t ions  would g ive  a th ickness  of  0.88 microns (5) * The 

T i S i  wafer would probably g ive  rise to  a th i cke r  oxide f i l m  a t  com- 

parab le  opera t ing  condit ions.  The  only conclusion t h a t  can be drawn 

f r o m  these r e s u l t s  i s  that  t he  oxide f i l m  thickness is i n  the region 

0 .7  t o  1 .0  micron. 

2 

The  t h i r d  area i n  the micrograph, , appears t o  grow a t  the 

oxide g ra in  boundaries. This may be a t i tanium s i l icate .  
0 Figure 6,  a micrograph of t h e  specimen oxidized a t  2400 F ,  i nd i ca t e s  

a d i f f e r e n t  mechanism a t  t h i s  temperature. Analysis of t h i s  f i l m  is i n  

progress.  

Oxidation R a t e s  and Coating Modifiers 

The work described i n  t h e  previous s ec t ion  w a s  concerned w i t h  

providing fundamental understanding of glasses formed i n  s i l i c ide  

oxidat ion by analyzing the  p r o t e c t i v e  and non-protective glasses. 

A t  the  same t i m e ,  it i s  poss ib l e  t o  at tempt syn thes i s  of p r o t e c t i v e  

glasses on the  basis of e x i s t i n g  p r i n c i p l e s  for  g l a s s  formation, The 

technique of manufacturing w a f e r s  by powder metal lurgy methods lends  

i t se l f  r e a d i l y  to  the  in t roduc t ion  of modif iers .  The composite material 

may then be evaluated by oxidat ion rate s t u d i e s  t o  determine the  degree 

of success. 

The previous r e p o r t  ou t l i ned  guidel ines  whereby the p r i n c i p l e s  

of glass formation m i g h t  be appl ied  t o  the development of p r o t e c t i v e  

glasses. Since then an extensive  l i t e r a t u r e  search has been performed. 

Fundamentals of glass tHhory and p r a c t i c e ,  alQng with information on 

tantalum-bearing glasses w a s  sought. T h i s  search w a s  r ecen t ly  com- 

p le t ed ,  and has shown promising d i r e c t i o n s  f o r  f u t u r e  research. 

I 
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Missing from the  l i t e r a t u r e  a r e  useful  da t a  f o r  the  Ta 0 

2 5  

- Si02  
2 5  

system. Nowotny, e t  a l .  (8)suggested the  exis tence  of a Ta 0 - Si02  

g l a s s  as the  ox ida t ion  product of a 70 atom% Ta, 30 % S i  (approximating 

TaSi  ) a l loy .  

9 5  - 99'9% Si02 ,  5-0.1% Ta 0 

thennaz expansions l e s s  than t h a t  of fused s i l i c a .  Thus, the  s t a r t i n g  

p o i n t  f o r  t h i s  research i s  the  v e r i f i c a t i o n  of the  above g l a s s  range 

and the  i nves t i ga t i on  of higher  t a n t a l a  coneents. 

Janakirama - Rao 

2 5' 

claimed t o  have produced g l a s se s  of 2 
by weight. These g lasses  exhibi ted  

Another important p iece  of information no t  found i n  the l i t e r a t u r e  
(10) is the  phase diagram of t he  Ta 0 -Si0 system. Armstrong, e t  a l , ,  

2 5  2 
r epo r t s  t h a t  mixtures,  corresponding t o  8 and 20 wt .% Ta205, melt  a t  

1599f10°C. 

s t r a d d l e  a m i s c i b i l i t y  gap. This r a t h e r  l im i t ed  gap seems un l ike ly ,  

and e i t h e r  a l a r g e r  gap, o r  a compound should appear a f t e r  the  f i r s t  

e u t e c t i c  composition. The compositions themselves a r e  sub jec t  t o  e r r o r ,  

s i nce  both TaO and TaO a r e  h ighly  v o l a t i l e  a t  the  t e s t  condit ions 

(165OoC, atm.). Glasser ,  e t  a l .  . 

m i s c i b i l i t y  gap based on the i on i c  p o t e n t i a l  and a "valence cor rec t ion"  

f o r  the  ca t ion  introduced along with s i l i c a .  Ion ic  p o t e n t i a l s  above 

and below 3 a r e  seen t o  l ead  t o  two d i s t i n d t  types of l i q u i d  immiscibil-  

i t y  melting. 

These two e u t e c t i c  compositions were thought t o  perhaps 

p r e sen t  a method f o r  p r ed i c t i ng  (11) 2 

The Ta-0 bond, i n  c o n t r a s t  t o  the  Si-0 bond, is  more ion i c  (63% 

compared t o  51% i o n i c ) .  This undoubtedly introduces a Frenkel o r  

f i s s u r e d  charac te r  t o  the  melt.  A c l u s t e r i n g  of t an t a l a- r i ch  mater ia l  

of increased order ,  set  i n  a matr ix of h ighly  mobile s i l i c a - r i c h  mate r ia l  

\12' i n  observing T i 0  - S i 0  g l a s se s ,  noted is expected. De Yries e t  a l .  - , , 
c l e a r  g l a s s  mounds of s i l i c a - r i c h  l i q u i d  along with d e v i t r i f i e d  masses 

(yellow to brown) of t i t a n i a - r i c h  l i q u i d ,  I t  was concluded t h a t  

t i tanium p a r t l y  decreases i n  coordinat ion from 6 t o  '4 a t  high temp- 

2 2 
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e r a t u r e s .  T h i s  might a l s o  occur with tantalum, depending on temperature 

and t h e  inf luence of  neighboring ca t ions .  

s i z e  and chzrgs, ' 3 k m G r e  l i k e l y  t o  appear i n t e r s t i t i a l l y .  

electrostatic bonds between Ta5+ and 0 are much s t ronger .  Long- 

range Coulombic i n t e r a c t i o n s  r e s u l t ,  which tend t o  r e in fo rce  and t i gh t en  

t h e  network (packing effect ) .  

Ta5+, because of! i ts  larger 

Accordingly, 
2- 

The primary object of t h i s  research i s  t o  improve the glass forming 

The idea  of replading two Si4+ ions ,  w i t h  a X3+ - Y 

3+ 5+ 

a b i l i t y  of t a n t a l a  i n  s i l i ca t e  systems. Modifiers,  have been selected 

to  do t h i s .  

couple seems t o  be the  most promising. G r i m m  and Huppert \ , 

the couple A1  - P 

t h a t  the l i qu idus  temperature w a s  raised 300 C. 

and B 

modif iers  a r e  T i  , V5+ and Z r  . 

5+ 

used ( 1 3 )  

t o  synthesize  .aluiihoghos@aee glasses and found 
0 5+ 

O t h e r  candidate 

The  couples A13+- T a  
3+ - Ta5+ s e e m  t o  be the most appropr ia te  choices. 

4+ 4+ 

Methods of producing g l a s se s  are being explored. D i r e c t  r e s i s t a n c e  

and induct ion hea t ing  apparatus are available. A simple b u t  e f f e c t i v e  

method, capable of high temperatures, cons i s t s  of melt ing very s m a l l  

q u a n t i t i e s  (10-20 m g . )  i n  a U - o r  V - shaped kink' i n  a r e s i s t a n c e  

heated P t  a l l o y  w i r e  $'4). 

r e s u l t s  i n  an extremely rap id  quench, s i n c e  the quan t i t y  and sur face  

area of t h e  m e l t  is  s m a l l  compared t o  a i r  bath environment. Po ten t i a l  

c r u c i b l e  materials for  mel t ing g l a s s  batches are fused s i l i ca ,  alumina, 

platinum and i ts  a l l o y s ,  tantalum, and tungsten. 

Simple switching o f f  of the hea t ing  cu r r en t  

Three basic means of  examination and i d e n t i f i c a t i o n  w i l l  be used. 

They are metal lographic inspect ion,  X-ray d i f f r a c t i o n  and in f ra- red  

spec tros ccipy . 
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Subs trate-Coatinq I n t e r a c t i o n  and Barriers 

The s e r v i c e  l i f e t i m e s  of d i s i l i c ide  coat ings  are shortened be- 

cause they i n t e r a c t  by d i f fu s ion  with t h e  metallic s u b s t r a t e s  to  

form lower s i l i c i d e s ,  such as T a  S i  The l a t t e r  are unable t o  form 5 3'  
t he  p r o t e c t i v e  g l a s sy  oxide,  presumably because of the  simultaneous 

formation of  the s u b s t r a t e  m e t a l  oxide. Therefore, an understanding 

of the mechanism of growth of  t he  lower s i l i c ide  l a y e r  and i t s  in-  

h i b i t i o n  is  an important approach t o  increas ing  the coat ing l i f e .  

The general  approach cons i s t s  of b r ing ing  w a f e r s  of  the sub- 

s t ra te  m e t a l  and coat ing material i n t o  con tac t  under)pressure  a t  the 

e leva ted  temperatures of i n t e r e s t .  The rates of growth of the i n t e r -  

mediate s i l ic ides  w i l l  be measured. A t  the s a m e  t i m e ,  marker experi-  

ments w i l l  be performed t o  determine the  r e l a t i v e  rates of d i f fu s ion  

of m e t a l  and s i l i c o n ,  The same techniques w i l l  then be appl ied to  

measure and expla in  t h e  performance of a d d i t i v e  o r  barrier elements 

such as t i tanium and chromium. 

During the p a s t  s i x  months equipment const ruct ion w a s  completed, 

tantalum d i s i l i c i d e  w a f e r  p repara t ion  w a s  p u t  on a mass production, 

basis and f i v e  t r i a l  runs w e r e  made with d i f fu s ion  couples, 

Two furnaces f o r  annealing the  d i f fu s ion  couples, together  w i t h  

temperature con t ro l  and argon flow, w h e r e  completed and tested. A l l  

con t ro l s ,  as w e l l  as t h e  device f o r  r a i s i n g  and lowering the  couple 

from the  h o t  zone, are now opera t ing  s a t i s f a c t o r i l y .  Temperature 

con t ro l  i s  wi th in  -5 F, Oxidation of specimens during a run, due t o  

t he  s m a l l  amount of oxygen i n  the argon, can be reduced by the use of 

a tantalum ge t t e r  enclosure. 

+ o  
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Tantalum d i s i l i c i d e  wafer production i s  now a t  t he  stage where an 

average of 8 t o  10  s i n t e r e d  wafers are produced p e r  day from one s i n-  

t e r ing  furnace. T a S i  is  synthesized i n  60 gram batches,  and ground 

and mixed with t he  s i n t e r i n g  a i d e  (0.5% N i  powder) i n  a b a l l - m i l l .  

Binder i s  added t o  the  T a S i  powder i n  15 g r a m  batches and t h e  wafers 

are pressed a t  a load of  10,000 pounds and s to red .  Each wafer is  

one-half inch i n  diameter and weighs about 1 . 5  grams. P re s in t e r ing  

i s  performed i n  vacuum a t  1000 F i n  16  wafers batches.  The f i n a l  

s i n t e r i n g  i s  then c a r r i e d  o u t  t h r ee  wafers a t  a t i m e .  The wafers a r e  

heated up i n  vacuum t o  1600 C over a per iod  of 5 minutes, he ld  a t  

temperature f o r  10 minutes and slowly cooled over a per iod  of 10 

minutes. About 100 wafers have been f ab r i ca t ed .  They are a l l  above 

95% of t h e o r e t i c a l  dens i ty ,  and t h e  major i ty  a r e  f r e e  of cracks  

2 

2 

0 

0 

Only the  f i n i s h i n g  of t h e  wafer sur faces  i s  n o t  opera t ing  a t  

f u l l - s c a l e .  After  many t r i a l s ,  a sequence of diamond d i s c s  f o r  

gr inding,  diamond pas t e s  f o r  lapping and a f i n a l  po l i sh  of v- altimina 

has  been developed. The hardness of t h e  s i l i c i d e s  requ i res  these  

techniques. Production of po l i shed  p a r a l l e l  surcaces on t h e  TaSi 

wafers has been a long and tedious operat ion.  
2 

I n  the  f i r s t  t r i a l  run, t he  d i f fu s ion  p i l e  cons i s ted  of 

Ta/TaSi  /Cb/TaSi /Ti/TaSi /Cr /TaS i  /Ta. This p i l e  w a s  run a t  1900°F 
2 2 2 2 

(near the  cen te r  of the  des i r ed  experimental temperature range) f o r  4 

hours. The main purpose of t h i s  run w a s  t o  determine whether t he  

molybdenum clamp would induce bonding between wafers.  Therefore, no 

g r e a t  pains  w e r e  taken t o  produce p e r f e c t l y  f i n i s h e d  sur faces .  The 

only  bonding t h a t  took p l ace ,  however, w a s  between the  t i t an ium and 

T a S i  

t h e  couple m e t a l s  and deforms most r e a d i l y  a t  t he  tes t  temperature. 

This i s  understandable, s i n c e  T i  i s  t h e  lowest melt ing of 
2 -  
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The r e s u l t i n g  increased contac t  a rea  promotes bonding. I n  add i t ion ,  

the d i f fu s ion  rate of t h e  t i tanium may be higher  than tha t  of t h e  o t h e r  

m e t a l s .  

There appears t o  be no doubt t h a t  t he  molybdenum clamp does indeed 

exer t  p ressure  as a r e s u l t  OE i ts  s m a l l  c o e f f i c i e n t  of expansion. 

The second run againl1,used Ta,  C b ,  T i  and C r  b u t  included ex&ra 

t i tanium and chromium wafers to  act as pusher sil.ugs: by v i r t u e  of t h e i r  

high c o e f f i c i e n t  of  expansion. This w a s  done i n  o rder  to  observe t h e  

e f f e c t  of  increased pressure  on bonding. Surfaces w e r e  more c a r e f u l l y  

prepared, and some w e r e  etched. The assembly w a s  run under t he  s a m e  

condi t ions  as i n  run #l. N o  improvement i n  boding w a s  observed. 

The nex t  two runs used t h e  s a m e  assembly wi th  add i t i ona l  pusher 

shegs to  increase  t he  pressure .  Heating t i m e s  w e r e  increased and the  

t e s t  temperature w a s  k e p t  the  same. Although no m o r e  bonding took 

p lace ,  d i f fu s ion  zones w e r e  d i s t inguishab le  between TaSi and T i  and 

C r  wafers. The chromium wafers w e r e  found t o  be much too porous f o r  

use i n  these  s t u d i e s ,  and may be abandoned i n  favor  of molybdenum be- 

cause of the  d i f f i c u l t y  of  purchasing chromium i n  dense f o r m .  

2 

Another exploratory  run w a s  performed a t  a higher  t emFa tu re  t o  

The assembly 
2'  determine whether bonding w a s  a t  a l l  pos s ib l e  with TaSi 

w a s  t e s t e d  a t  2500 F f o r  6 hours, using a pure vanadium wafer i n  p l ace  

of  chromium. This run w a s  success fu l .  Only the vanadium d i d  n o t  bond, 

probably because t he  wafer w a s  only  h a l f  the  diameter of t he  o t h e r  

wafers,  and was i n  poor con tac t  with t he  s i l i c i d e  wafers from the  s ta r t  

of  t h e  run. After  mounting and po l i sh ing ,  d i f fu s ion  zones w e r e  c l e a r l y  

observable. Even though the  vanadium w a s  no t  bonded t o  t he  s i l i c i d e s ,  

por t ions  of an in termediate  l a y e r  could be seen a t tached  t o  t h e  vanadium 

wafer. Again t he  t i tanium showed t h e  t h i c k e s t  i n t e r d i f f u s i o n  zone. 

0 
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0 
Future t r i a l  runs w i l l  work down from 2500 F t o  t h e  lowest temp- 

e r a t u r e  a t  which bonding w i l l  take place .  I f  a practical temperature 

range e x i s t s ,  data runs w i l l  begin. 

bonding ( r a i s i n g  t h e  couple t o  a very high temperature f o r  a very s h o r t  

t i m e )  w i l l  be employed to  produce bonding with n e g l i g i b l e  d i f fu s ion  

before  the  test  runs are m a d e  a t  t h e  lower temperatures, 

Otherwise a procedure of quick- 

22. 
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Proqram f o r  t h e  Next Six-Month Period 

1. Thermochemical D a t a :  

During the  nex t  s i x  months t he  major e f f o r t  w i l  be d i r e c t e d  

toward completion of measurement on the  e lec t rodes  formulated f o r  

t h e  tantalum- sil icon system. I n i t i a l l y ,  emphasis w i l l  be placed 

on those e lec t rodes  with low s i l i c o n  content .  E l ec t ro ly t e  material 

from each run w i l l  be examined by x-ray d i f f r a c t i o n  to determine 

i f  degradation has occurred. S i l i c i d e  e lec t rodes  w i l l  also be 

examined by X-ray d i f f r a c t i o n  t o  determine the  phases p re sen t  

before  and a f t e r  each run. 

2.  G l a s s  S t ruc tu re  and Growth: 

The oxidat ion of  pure T i S i  i n  an oxygen-argon atmosphere w i l l  
2 

be s tud ied  i n  d e t a i l .  The e f f e c t  of temperature,time, oxygen pre-  

s su re ,  sample dens i ty  and sur face  prepara t ion  on the  character and 

growth rate of t he  oxide f i l m  w i l l  be determined, The f i lm  w i l l  

be followed by weight change, metal lographic examination, x- ray and 

in f ra- red  examinations, E l e c t r o n  microprobe analyses may be per-  

formed upon c r u c i a l  samples ~ 

3 .  Oxidation R a t e s  and Coating Modifiers: 

Equipment f o r  prepar ing experimental glasses w i l l  be con- 

s t ruc ted .  The composition range f o r  g l a s s  formation i n  the  t an t a l a-  

s i l i c a  system w i l l  be explored. 

B3+ - Ta5+ modif iers  i n  improving glass- forming a b i l i t y  w i l l  be 

t e s t ed .  

The inf luence of A13+ - Ta5+ and 
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4. Subs trate-Coating In t e r ac t ion  and Barriers; 

I t  has  now been e s t ab l i shed  t h a t  adequate bonding f o r  t h e  

d i f fu s ion  s t u d i e s  is obtained between T a S i  and Cb,Ti,Cr,and T a  

a t  2500OF. 

lower temperature l i m i t  f o r  bonding, I f  t h i s  temperature i s  n o t  

s u f f i c i e n t l y  low, a bonding procedure employing high temperatures 

f o r  s h o r t  per iods  w i l l  be inves t iga ted .  D a t a  runs w i l l  then be 

m a d e .  Candidate materials f o r  use as d i f fu s ion  markers w i l l  be 

evaluated. 

2 
The nex t  series of experiments w i l l  e s t a b l i s h  a 
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at 1900°F for 84 hours. Magnification 32OX. 

Figure 4. 
at 1900°F for 84 hours. Magnification 630X. 

Oxide film on TiSi;! after oxidation 



a 

Figure 5. 
a t  150OoF f o r  67 hours. Magnification 320X. 

Oxide f i l m  on T iS i2  a f t e r  oxidation 

Figurg 6. 
a t  240OOF for 83 hours. 

Oxide f i l m  on T i 5 i 2  a f t e r  oxidation 
Magnification 320X. 
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